1] Taiwan's Hsüehshan range experienced penetrative coaxial deformation within and near the brittle-plastic transition between $6.5 and 3 Ma. This recent and short-lasting deformation in an active, well-studied orogen makes it an ideal natural laboratory for studying crustal rheology. Recrystallized grain size piezometry in quartz and Ti-in-quartz thermobarometry yield peak differential stresses of $200 MPa at 250-300 C that taper off to $80 MPa at $350 C and $14 MPa at $400-500 C. Stress results do not vary with lithology: recrystallized quartz veins in slates and metasiltstones yield equivalent stresses as recrystallized grains in quartzites. A minimum strain rate of 2.9 Â 10 À15 s À1 associated with this deformation is calculated by dividing a strain measurement (axial strain $0.3) in a strongly deformed quartzite by the available 3.5 m.y. deformation interval. We estimate a maximum strain rate of 7.0 Â 10 À14 s À1 by distributing the geodetic convergence rate throughout a region homogeneously deformed under horizontal compression. These stress, strain rate and temperature estimates are consistent with the predictions of widely applied dislocation creep flow laws for quartzite. The samples record stress levels at the brittle-plastic transition, indicating a coefficient of friction (m) of 0.37 in the upper crust consistent with results based on critical taper. Integrated crustal strength of the Hsüehshan range amounts to 1.7 Â 10 12 N/m based on our analysis, consistent with potential energy constraints based on topography. Other strength profiles are considered, however high crustal stresses (>300 MPa) conflict with our analysis. The study supports the use of the recrystallized grain size piezometer in quartz as a quick and inexpensive method for resolving stress histories in greenschist facies rocks. For consistency with the independent constraints presented here, we find it accurate to within +20%/À40%, significantly better than previously recognized.
Introduction
[2] Despite their importance in geodynamics and earthquake physics, the magnitude and distribution of stress in the lithosphere are poorly known and controversial [e.g., Bürgmann and Dresen, 2008; Burov and Watts, 2006; Jackson, 2002] . Quantifying differential stress (referred to below simply as "stress"), and developing and improving techniques for doing so [e.g., Behr and Platt, 2011] , are thus important objectives in the Earth sciences. A promising tool for estimating paleostress in rocks is the recrystallized grain size piezometer, which is based on the inverse correlation between the size of grains formed during dislocation creep and stress [e.g., Etheridge and Wilkie, 1981; Mercier et al., 1977; Poirier, 1985; Twiss, 1977] . Rapid and inexpensive measurements of grain size can be made in thin section, thus potential exists for routine use of the rock record to quantify stress histories. The usefulness of grain size piezometry, however, is limited by unknown inaccuracies introduced by extrapolation of laboratory-derived grain-size stress relationships to natural conditions [e.g., Passchier and Trouw, 2005] .
[3] In this study we apply recrystallized grain size piezometry in an active and well-studied setting, Taiwan's Hsüehshan range (Figure 1) , where results can be compared with independent constraints on stress levels [e.g., Kaus et al., 2009; Lacombe, 2001; Mouthereau and Petit, 2003; Suppe, 2007] . We first document deformation conditions at middle-crustal levels, then catalogue available constraints on stress magnitude. We demonstrate that the recrystallized grain size piezometer in quartz is accurate to within the uncertainties of more widely applied techniques, and indicates a fairly weak middle crust in Taiwan. [4] Taiwan is a result of the collision of the Luzon volcanic arc with the South China margin (Figure 1a ). The rocks comprising the Hsüehshan range are late Tertiary passive margin quartzites and slates. Prior to collision they experienced only minor extensional deformation [Clark et al., 1993; Tillman et al., 1992] . Collision began at $6.5 Ma at the latitude of the study area [Lin et al., 2003] , and ongoing exhumation in the Hsüehshan range exposes rocks deformed at depths up to $20 km during early stages of collision . Due to the obliquity of the collision, the orogen propagates southward at a rate of $30-90 km/m.y. [Simoes and Avouac, 2006, and references therein] . While along-strike heterogeneities in the South China margin complicate the simple south-propagating model [e.g., Byrne et al., 2011] , modern-day southern Taiwan serves as a loose analogue for the study area during early collision.
Geologic Background and Deformation Conditions
[5] A strip map and cross section of the Hsüehshan range are shown in Figures 1b and 1c . The oldest unit in the stratigraphy is the Eocene-Oligocene Tachien "sandstone," a coarse-grained, massive quartzite with slate interbeds that contains 60-80% quartz (grains of quartz, quartzite, chert and quartz schist), detrital feldspar and mica, fragments of felsic volcanics and slate, and metamorphic chlorite and biotite [Kidder et al., 2012] . The Tachien sandstone is overlain by the Oligocene Chiayang formation, consisting of slate and rare fine-grained quartzites, and the Paileng formation, an age-equivalent to the Chiayang formation comprising fine-to coarse-grained quartzite with minor slaty interbeds [Ho, 1988] . Precise ages of these units are uncertain due to lack of fossils. The structures shown in Figure 1 formed during collision as the passive-margin sedimentary cover was transferred from the down-going Eurasian plate to the Taiwan orogenic wedge. The deepest exposures occur in the core of the Tachien anticline, where early collisional deformation occurred within the biotite stability field, above $400 C [Kidder et al., 2012] . Deformation in most of the range-and significant retrograde deformation of the Tachien anticline [Clark et al., 1993; Kidder et al., 2012 ]occurred at $300 C ( Figure 1f ) [Kidder et al., 2012] . We refer to this lower temperature deformation below as "late" deformation. Kidder et al. [2012] constrained deformation temperatures for late deformation using 1) Raman spectroscopy of carbonaceous material , 2) the minimum temperature of $250 C required for dynamic recrystallization in quartz [Voll, 1976; Dresen et al., 1997; Dunlap et al., 1997; Stöckhert et al., 1999; van Daalen et al., 1999] , and 3) temperatures of vein emplacement and quartzite recrystallization using Ti-in-quartz thermobarometry [Thomas et al., 2010] . Where possible, we use these Ti-in-quartz temperatures and associated errors below, but shift the temperatures +22 C to account for a small bias in the Ti-in-quartz results estimated by Kidder et al. [2012] for these rocks. Kidder et al. [2012] classified the late recrystallization within the "bulge" regime of Stipp et al. [2002 Stipp et al. [ , 2010 , a rough analogue of the experimental dislocation creep "regime 1" of Hirth and Tullis [1992] .
[6] Collisional deformation of the Hsüehshan range varies strongly from west to east. The Paileng formation, particularly in western portions, preserves sedimentary structures such as cross bedding and in many thin sections shows no perceptible strain. Limited penetrative deformation occurred by pressure solution creep (evidenced by occasional vertical cleavage striking NNE-SSW). Less than 1% of quartz in the Paileng formation is dynamically recrystallized, with recrystallization generally restricted to grain boundaries (e.g., Figure 2 ). These relatively undeformed quartzites contrast with those nearer the core of the Tachien anticline. Quartzite there is penetratively deformed (Figures 1c and 3a) with an axial strain of $0.3 based on an R f /f analysis [Chew, 2003; Lisle et al., 1983; Ramsay, 1967] of a representative sample (148d). This degree of strain is representative of quartzites in the inner 2-3 km of the anticline, with penetrative deformation decreasing moderately to the east and west. Based on the presence of strong undulose extinction, recrystallized grains and subgrains, and a weak lattice preferred orientation, much of this strain occurred by dislocation creep. A component of pressure solution creep cannot be excluded however, and in fact some finer-grained quartzites may have deformed exclusively by this mechanism as they show no recrystallization along grain boundaries and contain a solution cleavage. Minimum axial strains of $0.2-0.7 [Tillman and Byrne, 1995] (see strain ellipses in Figure 1c ) are evident in slates in the eastern and central Hsüehshan range indicating >30 km internal shortening [Fisher et al., 2002] .
[7] Quartz veins formed both during and prior to collision are common in the central Hsüehshan range [Kidder et al., 2012; Lu, 1992; Tillman et al., 1992; Yen, 1973] . Both types generally show evidence of some dynamic recrystallization [1995] showing major structures, strain ellipses in slate [Tillman and Byrne, 1995] , and our foliation measurements in quartzite. (d) Average grain sizes and corresponding stress estimates plotted relative to position on cross section. Data points associated with good temperature constraints are enlarged. No systematic variation is evident between recrystallized grain size in quartzites and veins. (e) Individual line intercept measurements showing the fairly large spread of grain size from place to place within samples. (f) Summary of temperature constraints plotted relative to position on cross section. Raman spectroscopy of carbonaceous material (RSCM) serves as a peak temperature constraint; Ti-in-quartz temperature estimates [Kidder et al., 2012] are deformation temperatures based on the Ti concentration of "late" recrystallized grains. The grey-shaded field summarizes deformation-temperature constraints for late deformation [Kidder et al., 2012] including a minimum temperature of 250 C required for dynamic recrystallization. Comparison of Figures 1d and 1f shows a systematic increase in recrystallized grain size toward the warmer (more deeply exhumed) core of the range.
(e.g., Figure 2 ), indicating deformation at temperatures above 250 C (see above). Since collisional deformation occurred under generally retrograde conditions (for example early deformation occurred within the biotite stability field and late deformation did not [Clark et al., 1993; Kidder et al., 2012] ), this observation indicates alternating brittle and plactic behavior (brittle behavior during vein formation, ductile deformation responsible for recrystallization, then further brittle deformation during exhumation). Some collisional veins can be shown to have undergone at least two brittleplastic episodes, being plastically deformed, crosscut by new veins and then plastically deformed again [Kidder et al., 2012] . Such behavior indicates some episodicity in strain rate, fluid pressure, or other deformation conditions [e.g., Küster and Stöckhert, 1998 ].
[8] The timing of deformation is constrained by collision at $6.5 Ma and cooling of the core of the Tachien anticline through zircon fission track closure temperatures of $200-260 C at $3 Ma [Liu et al., 2001] . Using 250 C as the cutoff temperature for dislocation creep in quartz, the fission track ages provide a minimum age for stresses based on recrystallized grain size. Dislocation microstructures, such as patches of recrystallized grains, are not generally overprinted by lower temperature features, suggesting that the 3 Ma cutoff age is a reasonable minimum estimate for the termination of shortening. Dividing the above strain estimate for the Tachien anticline by the 3.5 m.y. deformation interval yields a minimum estimate of strain rate of 2.9 Â 10 À15 s À1 for these rocks. We estimate a maximum strain rate of 7.0 Â 10 À14 s À1 by dividing the geodetic convergence rate by the width of the deformation zone. About 4.2 cm/yr convergence is accommodated west of the Eurasia-Philippine plate boundary [Simoes and Avouac, 2006] . Structural analyses by ourselves and Tillman and Byrne [1995] indicate penetrative deformation occurred over an $19 km wide zone ( Figure 1c ). We cannot prove that penetrative deformation occurred simultaneously throughout this zone, however microstructures indicate fairly uniform coaxial deformation due to horizontal compression [Fisher et al., 2002; Tillman and Byrne, 1995] . To accomplish this diachronously would require a propagating wave of shortening across the zone that is not indicated by the spatial distribution of (limited) thermochronologic data [Liu et al., 2001; Simoes et al., 2012] .
[9] Deformation conditions were "wet" based on the presence of synkinematic biotite and chlorite [Clark et al., 1993; Kidder et al., 2012; Yen, 1973] and abundant fluid 
Methods
[10] Approximately 75 thin sections were made from quartzite and quartz veins in slates, metasiltstones, and quartzites collected in the Hsüehshan range. Measurements of recrystallized grain size were made in all samples containing recrystallized quartz. Grain size estimates were not made in quartzite samples containing veins in order to minimize potential effects of stress concentration associated with veining. Both collisional and precollisional veins were recrystallized during collision [Tillman et al., 1992] and were lumped together in our analysis.
[11] Recrystallized grain size was measured under crosspolarized light using a linear intercept method [e.g., Exner, 1972] in thin ($30 mm) and ultrathin ($15 mm) sections. Geometric mean grain sizes and uncertainties are based on multiple linear intercepts of $100 grains per sample (each linear intercept containing 5-25 grains), and are not the same as those that would be estimated by measuring each grain diameter individually [e.g., Hacker et al., 1992] . Line intercepts were oriented and spaced on a case-by-case basis in order to intersect the maximum number of grains in recrystallized patches. Grain boundaries were defined as any visible sharp change in luminosity, thus optically visible subgrains were included in the analysis (e.g., Figures 2 and 3b ). Subgrains were included because 1) the size of subgrains and recrystallized grains in our samples is similar enough to be indistinguishable by eye (e.g., Figures 2 and 3b) , 2) recrystallization is spatially limited, such that patches of fully recrystallized grains are generally lacking, and 3) the ambiguity of distinguishing grains from subgrains is removed. Line intercepts were made "blindly," (i.e. without referring to structural position or earlier results) to minimize the potential for bias. No stereological correction was made.
[12] In samples where grain size is much smaller than the thin section thickness (e.g., Figure 2 ), the polarizing stage was rotated to help identify grains. Linear intercepts of such fine-grained areas may only approximate true grain size, however grains and subgrain structure at a scale as small as 2 mm are discernable ( Figure 2 ) allowing for grain size estimates along some linear intercepts as small as $3 mm ( Figure 1e ). Better precision measurements of the fine grains were not warranted given that uncertainty resulting from variation in grain size from place to place within samples (e.g., Figure 1e ) is much greater than any plausible uncertainty introduced by the measurement technique.
[13] In (two) samples containing more than an order of magnitude variation in size between identifiable recrystallized fractions, the two fractions were measured separately as "fine" and "coarse" grains (e.g., Figure 3 ). Smaller variations in grain size between patches of recrystallized grains were assumed to result from a variation in internal stress field within samples and were averaged. In these cases we roughly weighted the distribution of linear intercept measurements according to the spatial distribution of different recrystallized fractions (i.e. if most recrystallization in a sample was of a particular grain size, most linear intercepts were taken through areas of that grain size).
[14] To avoid measuring recrystallization inherited from sedimentary sources, we first compared relatively undeformed quartzites from the western Hsüehshan range with the textures in more deformed samples. In most cases inherited recrystallization is easily avoided since the deformed quartzites are typified by relatively evenly distributed recrystallization, relatively uniform recrystallized grain size, and (in some cases) a shape-preferred orientation consistent with horizontal east-west compression (e.g., Figure 3a ). Where ambiguous, recrystallization inherited from detrital sources was avoided by 1) restricting analyses to recrystallization concentrated along detrital grain boundaries or shared by 2-3 neighboring detrital grains, and/or 2) restricting analyses to recrystallized grains found in postdepositional quartz (e.g., quartz cement between detrital grains).
Stress Estimates
[15] The recrystallized grain size from late deformation ranges from $4 to 22 mm (Table 1) . These values are not likely influenced by post-deformational grain growth [e.g., Hacker et al., 1992] [Stipp and Tullis, 2003] and are plotted in Figure 1d for veins and quartzites (colored and black symbols, respectively). Some of the scatter in Figure 1d 
Discussion

Variability of Recrystallized Grain Size
[16] Recrystallized grain size and deformation temperature are grossly correlated in the Hsüehshan range (compare Figures 1d and 1f ). Grain size and deformation temperature are greatest in the core of the Tachien anticline, and both decrease markedly to the west. The grain size data appear to cluster into three groups separated by the two main faults in the range, such that the deeper thrust sheets contain a progressively coarser recrystallized grain size. This trend demonstrates qualitatively that stress decreased with depth as expected in plastically deforming rocks [e.g., Bürgmann and Dresen, 2008] .
[17] Due to the large sample size and the measurement of recrystallized grain size in a variety of rock types (quartzite; and veins in slate, metasiltstone, and quartzite), we can additionally address the effect on recrystallized grain size of stress concentrations due to viscosity contrast. It is unknown, for example, if veins in weak materials such as slate concentrate stress enough to significantly bias piezometric measurements in veins [e.g., Kenis et al., 2005] , or if grainscale viscosity contrasts in polyphase rocks such as impure quartzite and granite cause significant variation in average stress in different minerals [e.g., Bloomfield and Covey-Crump, 1993] . The data presented in Figure 1d demonstrate that neighboring quartzites and veins have equivalent recrystallized grain sizes, and that the host lithology of veins does not strongly bias average recrystallized grain size. Veins in the likely weakest host phase, slate, show a reduction in grain size equivalent to stresses 0-20% higher than neighboring quartzites (the ambiguity results from a lack of quartzite in the easternmost portion of the range). Thus, while some stress concentration may have occurred, on average it did not result in differences that would significantly bias results.
Constraints on Middle Crustal Rheology
[18] It is often assumed, particularly in numerical models [e.g., Kaus et al., 2008; Yamato et al., 2009 ] that middle crustal rheology can be approximated using a flow law for dislocation creep of the form
where _ ɛ is strain rate, A is a material constant dependent on water fugacity, s is differential stress (MPa) raised to an exponent n, Q is the creep activation energy (kJ mol À1 ), R is the gas constant, and T is absolute temperature [e.g., Poirier, 1985] . Despite the heterogeneity of deformation mechanisms and rock types in the crust, assumed values of the parameters A, n and Q are generally based on experimental deformation of pure quartzite [e.g., Kohlstedt et al., 1995] . This practice raises two important questions: Do quartzites in nature actually deform according to experimental predictions? If they do, can deformation of the crust-a heterogeneous suite of rocks containing little pure quartzite-be reasonably approximated using a quartzite flow law? Our dataset addresses these questions in two ways.
[19] We first calculate the viscosity of quartzite in the Hsüehshan range using our estimates of stress and strain rate, and compare it to the viscosity predicted using commonly applied quartzite flow laws. This procedure is done for the two representative samples from the Tachien anticline core, since this is the only region where reasonably accurate strain measurements in quartzites were possible. Both samples contain a remnant early set of coarse recrystallized grains that are overprinted by finer recrystallized grains (Figure 3) . Deformation temperature is better constrained for the late, high stress deformation at $330 C (Figure 1f ) , and we calculate a viscosity for these conditions between 7.4 Â 10 20 and 3.6 Â 10 22 Pa s. During early deformation at $400-500 C, we calculate a viscosity between 1.2 Â 10 20 and 5.8 Â 10 21 Pa s. (These ranges in viscosity include an estimated uncertainty in the stress measurements of +20%/À40%, see below.) These viscosities are consistent with those predicted by the widely used quartzite flow laws of Paterson and Luan [1990] and Hirth et al. [2001] assuming a water fugacity from Pitzer and Sterner [1994] (with help from Wither's fugacity calculator, http://www.geo.umn.edu/people/researchers/withe012/fugacity. htm) and hydrostatic fluid pressure (see below). The consistency between our measurements and the flow law predictions can be seen graphically in Figure 5 , where these data are plotted as four larger black dots. The shaded areas in Figure 5 representing the two flow laws indicate the range of predicted stresses given our strain rate constraints. At a minimum, this result demonstrates a consistency under natural conditions between the two independent approaches: recrystallized grain size piezometry and experimentally derived flow laws. It also strengthens the case that these flow laws accurately predict the rheology of real quartzite under geologic conditions (at least at temperatures of 300-500 C), despite the impurity (20-40% non-quartz phases) of the quartzite.
[20] Our data also allow a test of the applicability of such flow laws to a middle crust formed only partially of quartzite and deformed only partly by dislocation creep since: 1) roughly a third of the Hsüehshan range (the Chiayang formation) is composed of slate with a strong pressure solution cleavage, 2) slate interbeds and fine grained quartzites deformed by pressure solution are also common in the Paileng and Tachien quartzites, and 3) the dynamic recrystallization of collisional veins indicates brittle processes at elevated temperatures. Assuming a flow law of the form given in equation (1), the ratio of the parameters Q and n associated with this multi-mechanism, multi-lithology deformation can be constrained using our stress-temperature data. We reformulate equation (1) as
where B incorporates A, n and _ ɛ. The slope on an Arrhenius plot of ln(s) vs. 1/T is Q/nR (Figure 4) . We assume here that bulk strain rates for the different exposed crustal levels were equal. Since the Hsüehshan range is a pop-up structure characterized by coaxial strain [Clark et al., 1993] , it seems likely that shortening rates would not be dramatically different between the different crustal levels. We find a slope equivalent to a value for Q/n of 41 AE 6 kJ/mol (95% confidence) using the "model 2" linear regression of Ludwig [2001] . This value is consistent with the Q/n values of the quartzite flow laws of Hirth et al. [2001] and Paterson and Luan [1990] . While this agreement may add some support to the practice of using such flow laws in numerical models of the crust, the result is non-unique. For example, Q/n values estimated for pressure solution creep (n = 1) range from 15 to 113 [e.g., Kawabata et al., 2009] . The ability, demonstrated here, to estimate Q/n without relying on hightemperature laboratory experiments is a useful approach to better constrain rock rheology, and would be particularly powerful if used in combination with independent constraints on n [e.g., Grigull et al., 2012; Kenis et al., 2005; Lan and Hudleston, 1995; Treagus and Treagus, 2002] . (2)). The Q/n value shown is consistent with dislocation creep flow laws for quartzite.
Strength of the Taiwan Orogenic Wedge
[21] As a first approach, lithospheric strength can be considered a function of the two best-understood deformation mechanisms in rocks: Mohr-Coulomb friction and dislocation creep [e.g., Scholz, 2002] . At cold temperatures where friction dominates, strength increases linearly with effective confining pressure. As temperature increases with depth, dislocation creep accommodates increasing amounts of imposed strain and strength decreases. The crust is strongest where similar stresses are required to activate each process, the "brittle-plastic transition." While deformation mechanisms such as pressure solution and semibrittle flow may in reality act to blunt peak stresses predicted by the twomechanism approach [e.g., Kohlstedt et al., 1995] , dislocation creep and resulting dynamic recrystallization of quartz at the brittle-plastic transition are both expected and observed [e.g., Küster and Stöckhert, 1998 ]. It is thus likely that the highest stresses in the crust are recorded in quartz dynamically recrystallized at the brittle-plastic transition.
[22] There are several lines of evidence suggesting that our higher stress samples were deformed within the brittleplastic transition: 1) The depth distribution of earthquakes in southern Taiwan (the present-day analogue to our study area) shows a clear peak at $10 km (e.g., Mouthereau and Petit [2003] using data from the Central Weather Bureau Seismic Network [Shin, 1992] ). Recrystallization of Hsüehshan range quartzites occurred roughly at this depth level and lower assuming a geothermal gradient of 25 /km ( Figure 5 ). (Geotherm estimates for central Taiwan vary, however this estimate is consistent with the 25-30 /km gradient in Raman spectroscopy of carbonaceous material (RSCM) temperature with stratigraphic depth in the study area , the thermal history modeled by Simoes et al. [2007] , and the average thermal gradient in exploration wells in Taiwan [Zhou et al., 2003] ). 2) Overlapping brittle and Figure 5 . Stress-depth diagram demonstrating agreement between temperature-stress results and independent constraints: maximum stress estimates provided by Byerlee's law, calcite twinning [Lacombe, 2001] and Goetze's criterion (dashed line); maximum potential energy based on topography (dotted line); Taiwan coefficient of friction (m) from Suppe [2007] ; and predictions of widely used flow laws [Hirth et al., 2001; Paterson and Luan, 1990] assuming strain rates estimated for the Hsüehshan range (the four larger black dots are data from the Tachien anticline where the strain measurement was made and are therefore most directly comparable to the flow laws). Data and constraints are plotted assuming a 25 /km geotherm and hydrostatic fluid pressure (see text). Black dots are Ti-in-quartz temperature estimates with 2s standard errors. Error bars without symbols represent data with only minimum and maximum temperature constraints: high stress data use a minimum temperature estimate of 250 C required for dynamic recrystallization in quartz and a maximum temperature of 290-300 C based on stratigraphic constraints and unpublished Raman spectroscopic data for carbonaceous material (RSCM) (O. Beyssac, personal communication). The two low-stress data use an RSCM peak temperature constraint and a minimum constraint of 400 C [Kidder et al., 2012] . plastic deformation evident in veins from the central Hsüehshan range typifies behavior expected at the brittleplastic transition.
3) The highest stress samples come from the western part of the Hsüehshan range, where penetrative deformation was minimal. Shortening here apparently was accomplished primarily via faulting, which in comparison with the penetratively deformed central Hsüehshan range suggests deformation conditions near the shallowest depths of the brittle-plastic transition. 4) Based on Taiwan wedge tapers, Carena et al. [2002] estimated that the brittle-plastic transition occurs at a depth of 15-20 km (within the estimated depth range of our samples).
[23] Assuming that our lowest temperature and highest stress data reflect conditions at the brittle-plastic transition, we follow Behr and Platt [2011] in constructing a crustal strength envelope by fitting a line from the surface to a value typical of our highest stress samples, $200 MPa (Figure 5 , preferred brittle strength profile). The coefficient of friction m implied by this profile is $0.37 assuming hydrostatic fluid pressure. We assume hydrostatic fluid pressure since effective pressure (P lithostatic À P fluid ) must be greater than differential stress in order for dislocation creep and dynamic recrystallization to occur ("Goetze's criterion") [Kohlstedt et al., 1995] . Under hydrostatic conditions, effective pressure (dashed line in Figure 5 ) falls very close to the highest stress data, thus ruling out higher fluid pressure at the brittleplastic transition. This rationale led to similar conclusions by Küster and Stöckhert [1998] and Behr and Platt [2011] .
[24] Further insights into crustal strength in Taiwan can be gained by comparison with independent estimates of stress levels in Taiwan. Based on critical taper theory Suppe [2007] found that stress (s D ) in Taiwan increases with depth in the brittle crust according to the relationship s D = Wrgz, where W = 0.6. This constraint nearly coincides with the brittle portion of our preferred strength envelope ( Figure 5 ). Calcite twin orientations in southern Taiwan [Lacombe, 2001] provide an additional "order of magnitude" constraint on stress levels ( Figure 5 ). Finally maximum strength can be estimated based on Coulomb frictional-failure theory and the experimental results of Byerlee [1978] assuming hydrostatic fluid pressure
where t is shear stress in MPa, m is the friction coefficient, and s eff is effective confining pressure in MPa. Byerlee [1978] found values of m = 0.85 and 0.6 for equations (3a) and (3b), respectively (i.e. "Byerlee's law"). Stress levels in boreholes reaching depths of 3-8 km in Europe and Western North America are consistent with Byerlee's [1978] results, fitting equation (3a) well with m = 0.6-1 [Townend and Zoback, 2000] . The strength envelope labeled "Byerlee's law" in Figure 5 is a maximum constraint since fluid pressure in shallow wells in Taiwan often exceeds hydrostatic [Suppe and Wittke, 1977; Yue, 2007] . We suggest that the calcite twin study of Lacombe [2001] also overestimates stress since two of the three data points indicate higher stresses than Byerlee's law. It is unclear why Suppe's [2007] and our m are lower than global borehole estimates. Perhaps there is a fundamental difference in crustal strength between the generally cratonic study areas probed by the boreholes and the low-grade metasedimentary rocks comprising much of the Taiwan orogenic wedge.
[25] These constraints on brittle strength can be combined with a curve fit through our stress-temperature data to constrain integrated crustal strength ( Figure 6 ). As a weak brittle endmember we use our preferred m of 0.36 (Figure 6a ). As a strong endmember we construct a strength envelope assuming Byerlee's law (Figure 6b ). Integrating these strength envelopes to a depth of 30 km yields total crustal strengths of 1.7 Â 10 12 N/m and 3.9 Â 10 12 N/m, respectively. These values can be compared with the horizontal stress required to support topography assuming isostatic balance and no contribution from vertical stresses (e.g., flexure). The Hsüehshan range rises to an altitude of $2.5 km in the long-wavelength topography with a Moho depth of 35-45 km beneath the range and 29-37 km in western Taiwan [Kim et al., 2004; McIntosh et al., 2005; Shih et al., 1998; Ustaszewski et al., 2012] . Following Molnar and Lyon-Caen [1988] , we calculate a potential energy difference of 2.7 Â 10 12 N/m, equivalent to a strength of $90 MPa averaged over a 30 km thickness ( Figures 5 and 6 ). Since we ignore vertical stress contributions to topographic support, this calculation provides an upper limit on crustal strength in Taiwan. The "preferred" profile ( Figure 6a ) is consistent with this constraint, while the higher strength end member (Figure 6b ) is overly strong. Thus the high strength derived from Byerlee's law would only be consistent with the potential energy constraint if the crustal strength estimate is truncated [e.g., Kohlstedt et al., 1995] at a stress of $240 MPa or smaller (Figure 6c) . Intermediate values for the coefficient of friction (m = 0.36-0.65) would not require truncation and potentially permit a maximum stress up to $300 MPa. This scenario however is less consistent with other constraints mentioned above. In any case, the low stresses required by this analysis conflict with the high stresses (>400 MPa) suggested by Mouthereau and Petit [2003] and considered by Kaus et al. [2009] .
[26] While we find peak stresses at $12 km similar to those estimated by Suppe [2007] , the data on which his critical taper estimate is based were interpreted to indicate a brittle wedge to depths of 15-20 km [Carena et al., 2002] . The crustal strength profiles plotted in Figures 5, 6a, 6b , and 6c suggest a much weaker crust at depths of 10-20 km. This discrepancy could be rectified by reducing our assumed geothermal gradient to 18 /km (or smaller), a low value but within the range of existing estimates in central Taiwan [e.g., Gourley et al., 2007] . This possibility is plotted in Figure 6d . Given the potential energy constraint, this scenario also requires m = $0.36 (or lower). The consistency of such a low geotherm with thermochronologic and metamorphic data can be tested in future studies.
Accuracy of the Recrystallized Grain size Piezometer in Quartz
[27] The overall consistency of our results with independent experimental and theoretical constraints on stress levels is striking ( Figure 5 ). Stresses are consistent with the predictions of the most widely applied quartzite flow laws. The coefficient of friction we estimate based on peak stress measurements is nearly identical to that predicted by critical taper theory [Suppe, 2007] . Stress estimates fall below maximum constraints provided by Byerlee's law and Lacombe's [2001] calcite twinning study. Our data are generally consistent with Goetze's criterion (s D < P eff for plastic flow). Simple crustal strength profiles based on the data (Figures 6a, 6c, and 6d ) satisfy potential energy constraints from topography. This comparison provides the strongest evidence to date that the laboratory-based stressgrain size relationship for quartz is accurate under natural conditions (at least at low temperatures). The relationship holds in the Hsüehshan range despite the presence of fluids and competing deformation processes.
[28] To our knowledge, the only existing estimate of the accuracy of the recrystallized grain size is an "order of magnitude" [Stöckhert et al., 1999] . The piezometer is clearly outperforming this evaluation in the Hsüehshan range. To maintain consistency with the various independent constraints provided here, we estimate the Stipp and Tullis [2003] piezometer to be accurate to within +20%/À40%. An overestimate of 20% places our data at higher stress Figure 6 . Alternative strength profile scenarios (thick dark lines) demonstrating that peak long-term stress in the Hsüehshan range is below $300 MPa. To satisfy the potential energy constraint, the area defined by the strength profiles must be less than the area of the light grey box. Paleopiezometric data fields (dark grey), Byerlee's law (kinked black line), and reference values for friction coefficient m (thin lines) are also shown. The curved portion of the strength profiles is a fit through the paleopiezometric data (using Hirth et al. [2001] with strain rate 2 Â 10 À14 s À1 , and f H2O = 37 MPa). (a) Preferred strength profile assuming that peak stresses in recrystallized quartz represent peak crustal stresses. (b) Strength profile based on Byerlee's law (exceeds the maximum potential energy constraint). (c) Same profile as in Figure 6b , but truncated at a stress of 240 MPa to satisfy the potential energy constraint. (d) Strength profile constructed as in Figure 6a , but assuming a geothermal gradient of 18 /km. Brittle portion corresponds to m = 0.3, the potential energy constraint limits m to 0.37 or smaller. values than predicted by the quartzite flow laws, and would violate Goetze's criterion. An underestimate by 40% places peak stresses significantly (50 MPa) below the stress level estimated by Suppe [2007] at 12 km depth, and would be even more discrepant with Byerlee's law and global borehole estimates.
[29] This constraint on the accuracy of the Stipp and Tullis [2003] piezometer is at odds with a recent alternative recrystallized grain size-stress relationship, the "paleowattmeter" of Evans [2007, 2009] . The paleowattmeter generally provides a good fit to laboratory data, however it predicts a temperature dependence that results in very low stress estimates for geologic conditions (e.g., $1 MPa for the late deformation in sample 148d). Stresses this low are ruled out by the above analysis. This discrepancy does not necessarily indicate a flaw with the paleowattmeter formulation, which is heavily dependent on parameters whose values are not well known. The temperature dependence stems from the difference in activation energy for grain growth and dislocation creep, and it may be that an improved understanding of grain growth rates in quartz would lead to better results.
Is Steady State a Prerequisite for Piezometry?
[30] Despite the difficulty of demonstrating that a rock has deformed at steady state or that a given microstructure represents a steady state fabric, it is commonly assumed that these criteria must be at least approximately met in order to apply recrystallized grain size piezometry [e.g., Christie and Ord, 1980; Kenkmann and Dresen, 1998; Stipp et al., 2010; Trepmann and Stöckhert, 2003; Twiss, 1977] . Certainly, as pointed out by Trepmann and Stöckhert [2003] , a single stress value cannot be meaningfully applied to grains produced during a period of markedly fluctuating stress. Twiss [1977] predicted however that even at constant stress, a certain amount of strain or time is needed to achieve a microstructural steady state in which recrystallized grain size accurately reflects stress. Many of our high stress samples show imperceptible strains, <1% recrystallization by area, and were thus presumably quite far from steady state. Nevertheless, stress estimates based on small patches of recrystallized grains in these samples (e.g., Figure 2 ) are consistent with independent constraints. We suggest that, at least during bulge recrystallization of coarse-grained samples, the amount of time or strain needed (if any) for recrystallized grains to achieve a piezometrically appropriate size is too small to be of concern. This hypothesis is consistent with findings in coarse-grained nickel and other materials showing that recrystallized grain size is not a function of strain [Humphreys and Hatherly, 2004, pp. 432] , and that equilibrium recrystallized grain size is already achieved in quartz deformed in laboratory experiments to a few percent strain [Stipp et al., 2010, supplementary material] . (Although we note that the experiments referred to by Stipp et al. [2010] were not carried out in regime 1, perhaps the closest experimental analogue to Hsüehshan range deformation.) The wavelength of bulges along serrated grain boundaries is often at the same scale as recrystallized grains found elsewhere in samples ( Figure 2) [e.g., Platt and Behr, 2011] , thus it may be the case that even the very first recrystallized grains to form do so at a piezometrically-appropriate size. Experimental work on the evolution of recrystallized grain size in minerals is needed to better establish the conditions under which recrystallized grain size piezometry can reliably be carried out, and to link these conditions to indicative textural features.
Conclusions
[31] We estimate an integrated crustal strength in Taiwan of $1.7 Â 10 12 N/m, with peak stress at the brittle-plastic transition $200 MPa, and a coefficient of friction (m) in the upper crust of 0.37. The consistency of these results with independent constraints indicates that the recrystallized grain size piezometer can be used to constrain stress histories in deformed rock with accuracy comparable to more widely used techniques, at least in relatively low-grade quartz. While we have only demonstrated consistency for one mineral under one set of conditions, similar grain size-stress relationships occur in other minerals (e.g., olivine, feldspar, calcite, ice, salt), offering potential for making accurate, small-scale observation of stress histories in a variety of geologic materials. We encourage further tests of paleopiezometry in quartz and other minerals under natural conditions, and envision eventual routine calibration and testing of numerical models using stress analyses of the rock record.
